The myeloid zinc finger gene 1, MZFI, encodes a transcription factor which is expressed in hematopoietic progenitor cells that are committed to myeloid lineage differentiation. MZF1 contains 13 C2H2 zinc fingers arranged in two domains which are separated by a short glycine-and proline-rich sequence. The first domain consists of zinc fingers 1 to 4, and the second domain is formed by zinc fingers 5 to 13. We have determined that both sets of zinc finger domains bind DNA. Purified, recombinant MZF1 proteins containing either the first set of zinc fingers or the second set were prepared and used to affinity select DNA sequences from a library of degenerate oligonucleotides by using successive rounds of gel shift followed by PCR amplification. Surprisingly, both DNA-binding domains of MZF1 selected similar DNA-binding consensus sequences containing a core of four or five guanine residues, reminiscent of an NF-KB half-site: 1-4, 5'-AGTGGGGA-3'; 5-13, 5'-CGGGnGAGGGGGAA-3'. The full-length MZF1 protein containing both sets of zinc finger DNAbinding domains recognizes synthetic oligonucleotides containing either the 1-4 or 5-13 consensus binding sites in gel shift assays. Thus, we have identified the core DNA consensus binding sites for each of the two DNA-binding domains of a myeloid-specific zinc finger transcription factor. Identification of these DNAbinding sites will allow us to identify target genes regulated by MZF1 and to assess the role of MZF1 as a
The myeloid zinc finger gene 1, MZFI, encodes a transcription factor which is expressed in hematopoietic progenitor cells that are committed to myeloid lineage differentiation. MZF1 contains 13 C2H2 zinc fingers arranged in two domains which are separated by a short glycine-and proline-rich sequence. The first domain consists of zinc fingers 1 to 4, and the second domain is formed by zinc fingers 5 to 13. We have determined that both sets of zinc finger domains bind DNA. Purified, recombinant MZF1 proteins containing either the first set of zinc fingers or the second set were prepared and used to affinity select DNA sequences from a library of degenerate oligonucleotides by using successive rounds of gel shift followed by PCR amplification. Surprisingly, both DNA-binding domains of MZF1 selected similar DNA-binding consensus sequences containing a core of four or five guanine residues, reminiscent of an NF-KB half-site: 1-4, 5'-AGTGGGGA-3'; 5-13, 5'-CGGGnGAGGGGGAA-3'. The full-length MZF1 protein containing both sets of zinc finger DNAbinding domains recognizes synthetic oligonucleotides containing either the 1-4 or 5-13 consensus binding sites in gel shift assays. Thus, we have identified the core DNA consensus binding sites for each of the two DNA-binding domains of a myeloid-specific zinc finger transcription factor. Identification of these DNAbinding sites will allow us to identify target genes regulated by MZF1 and to assess the role of MZF1 as a transcriptional regulator of hematopoiesis.
Hematopoiesis is a complex process of cell differentiation and renewal in which the entire population of blood cells are derived from a few pluripotent stem cells. Regulation of this process is largely via cytokines which interact with specific cell surface receptors on the stem cells. Following cytokine binding, these pluripotent stem cells must be able to transduce signals from the cell surface to the nucleus and initiate the process of differentiation along specific cell lineages by regulating gene expression. Thus, transcription factors that act at specific stages of hematopoietic differentiation can be seen as critical regulators of the differentiation process. Intuitively, loss of the regulation of gene expression at key stages during hematopoietic differentiation can ultimately lead to leukemogenesis.
The family of C2H2 zinc finger genes represents a class of DNA-binding proteins, many of which have been demonstrated to have roles in regulating transcription during developmental processes. Zinc finger genes encode proteins that contain highly conserved 28-to 30 -amino-acid (aa) domains that tetrahedrally bind a molecule of zinc through two cysteines and two histidines (reviewed in reference 5). The zinc finger forms a DNA-binding domain which interacts with specific nucleotides along the major groove of DNA (24, 25) . Krippel, a Drosophila gap gene, represents a subclass of the C2H2 zinc finger genes that is characterized by multiple zinc fingers containing the conserved amino acid motif CX2CX3 FX5LX2HX3H separated by highly conserved 7-aa linkers (H-C links) of the form TGEKPYX (9, 29) .
(215) 898-0995. Fax: (215) 898-3929. This article describes a novel transcription factor, encoded by myeloid zinc finger gene 1 (MZFI) , that may play a central role in regulating hematopoiesis. MZF1 was isolated by screening a cDNA library prepared from the peripheral blood leukocytes of a patient with chronic myelogenous leukemia by using an oligonucleotide probe which recognizes the conserved H-C link (15) . MZFI encodes a 485-aa protein ( Fig. 1 ) that contains 13 zinc fingers arranged in two distinct sets: the first set contains zinc fingers 1 to 4, and the second set, in the carboxyl terminus, contains zinc fingers 5 to 13 . This protein configuration suggests that MZF1 contains two separate DNAbinding domains that may recognize two independent DNA target sequences.
Several lines of evidence suggest that MZF1 plays a key role in regulating transcription during differentiation. First, a survey of MZF1 mRNA abundance in a variety of cell lines detected expression almost exclusively in early myeloid progenitor cells, including HL60, KG1, HEL, and K562 (15) . MZF1 was also detected in early myeloid lineage progenitor cells by in situ hybridization of bone marrow cells from normal donors (4) . In contrast, MZF1 RNA was not detected in cell lines representing other hematopoietic cell lineages, including T-cell leukemia (C10), B-cell leukemia (Burkitt and Daudi), megakaryocytic leukemia (MO7E), hairy cell leukemia (ESKOL), or differentiated monocytic leukemia (U937) cells (15 [24] ) within each zinc finger are outlined. The acidic region (aa 60 to 72) and the glycine-proline-rich region separating zinc fingers 4 and 5 (aa 214 to 237) are italicized and underlined.
tion. Treatment of HL60 cells with retinoic acid, dimethyl sulfoxide, or granulocyte-macrophage colony-stimulating factor, all of which induce granulocytic differentiation, increases the level of MZF1 mRNA expression (15) . In contrast, induction of macrophage differentiation by phorbol 12-myristate 13-acetate treatment of the HL60 cells has no effect on MZFI RNA expression (15) . Direct evidence that MZF1 has a clearly important role in regulating myelopoiesis has been demonstrated by Bavisotto et (14) . The SG10039 strain of bacteria (Qiagen) was transformed with the ligations. The bacterial colonies were screened for the production of protein by induction of a logarithmically (14) and verified by DNA sequence analysis.
Purification of recombinant proteins. One hundred milliliters of a saturated bacterial culture was used to inoculate 1 liter of Luria broth containing antibiotics. After 45 min of growth, expression of protein was induced for 2 h with 1 mM IPTG. The bacteria were harvested and lysed in 20 ml of 6 M guanidine-HCl (pH 8.0)-50 mM sodium phosphate for 2 h at room temperature or overnight at 4°C. The lysates were clarified by centrifugation at 40,000 x g for 30 min, and the histidine fusion proteins were purified by nickel chelate affinity chromatography (1, 14) . The purified proteins were dialyzed extensively in binding buffer (25 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid]-KOH [pH 7.5], 50 mM KCl, 10 puM ZnSO4, 10% glycerol, 0.1% Nonidet P-40, 1 mM dithiothreitol) containing 1 mM phenylmethylsulfonyl fluoride or phosphate-buffered saline containing 10 pFM ZnSO4 and analyzed for purity on SDS-10 or 15% polyacrylamide gels.
Design of degenerate oligonucleotide libraries. An oligonucleotide library containing diverse binding sites (6) Tris-borate-EDTA at 4°C. The gels were dried on Whatman paper and exposed to film, and after alignment of the film with the gel the DNA-protein complex was excised from the dried gels. The gel slice was rehydrated in 10 mM Tris-Cl (pH 7)-100 mM NaCl and crushed with an Eppendorf pestle, and the DNA was eluted at 37°C during shaking for 2 h. The DNAcontaining supernatant was filtered through a 0.45-,um-poresize syringe filter membrane, ethanol precipitated, resuspended in 50 ,ul of distilled water, and further purified on a G-25 spin column (Boehringer Mannheim). One-to 5-plA aliquots of the extracted DNA were used as templates for PCR amplification using 200 puM each dNTP, 1 U of Pfu polymerase in buffer 1, 2 mM MgCl2, and 50 pmol each of primers A and B (see Fig. 3A ). The PCR conditions optimized amplification of short oligonucleotides (30) . Briefly, each cycle consisted of 30-s DNA denaturation at 93°C, 2-min primer annealing at 45°C, a 2-min increase of temperature from 45 to 67°C, and a 2-min elongation at 67°C for 25 cycles. The PCR product was gel purified, ethanol precipitated, and applied to a G-25 spin column. DNA recovery was quantitated by UV A260. Two hundred nanograms of DNA was end labeled with [_y-32P]ATP and used as a DNA probe in subsequent rounds of GSA and PCR amplification. Screening bacterial colonies. After three to five rounds of gel shift selection and PCR amplification, the affinity-selected oligonucleotides were extensively digested with BamHI and EcoRI and cloned into pGEM7Zf+ (Promega). Individual bacterial colonies were screened for cloned oligonucleotide inserts by PCR amplification of miniprep DNA. Primers A and B (see Fig. 3A ) were used to amplify a 45-bp fragment that was present only in the clones which contained an inserted oligonucleotide. The PCR product from each clone was prepared for use as a DNA probe in GSA by one of two methods. Either the product was gel purified and 32P end labeled with T4 polynucleotide kinase or the PCR was performed with 32p_ end-labeled PCR primers.
DNA sequencing and analysis of selected oligonucleotides. Both strands of the cloned oligonucleotides that bound to the recombinant proteins in GSA were sequenced with 35S-dATP and Sequenase (U.S. Biochemical) by using commercially available T7 and SP6 primers (Promega). The degenerate positions of the oligonucleotide were aligned by using the Genetics Computer Group (University of Wisconsin) (GCG) sequence analysis Pileup program (13) . After the degenerate oligonucleotide sequences were aligned, the flanking sequences were included in the derivation of the consensus sequence.
GSA and binding site competitions. 
RESULTS
Expression and purification of MZF1 histidine fusion proteins. The amino acid sequence of MZF1 is shown in Fig. 1  (15) . The 13 zinc fingers occur in two separate domains: the first domain contains zinc fingers 1 to 4, and the second domain contains zinc fingers 5 to 13 in the COOH terminus. Recombinant proteins containing either set of fingers were produced by cloning zinc fingers 1 to 4 (aa 108 to 240) or zinc fingers 5 to 13 (aa 218 to 485) into a histidine fusion protein expression vector ( Fig. 2A) (14) . The recombinant histidine fusion proteins were expressed in E. coli, purified by nickel chelate chromatography (1) , and examined by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 2B) . In order to identify the individual zinc fingers critical for DNA binding, subdomains of the rZN 5-13 DNA-binding region were produced and purified (Fig. 2) . These proteins contained zinc fingers 5 to 8, 8 to 13, 8 to 10, or 1 1 to 13. Each protein was stably expressed in E. coli and, with the exception of rZN 5-13, was purified to greater than 95% homogeneity (Fig. 2B) .
Strategy for DNA-binding site selection. The strategy we used for the isolation of a DNA consensus binding site for the MZF1 DNA binding domains is outlined in Fig. 3 . Briefly, synthetic oligonucleotides contained either 14 or 20 degenerate bases, flanked by defined nucleotide sequences containing restriction sites and complementary to PCR primers (Fig. 3A) . The oligonucleotides were amplified by PCR, and the resulting double-stranded oligonucleotide libraries were end labeled with 32P and incubated with the purified recombinant zinc finger proteins (Fig. 3B) library, and rZN 5-13 protein was incubated with the N20 library. The DNA-protein complexes were isolated by GSA; DNA was eluted from the gel, PCR amplified, end labeled with 32P, and used in a subsequent round of GSA selection. After three to five rounds of selection, the DNA was digested with BamHI and EcoRI and cloned into pGEM7Zf+. Individual bacterial colonies were screened for oligonucleotide inserts that specifically bound protein by GSA; the oligonucleotides were sequenced and analyzed for a consensus DNA-binding site.
separated from unbound oligonucleotides by GSA, and the DNA contained in the shifted band was extracted from the gel. Following PCR amplification using primers A and B (Fig. 3A) , the products were end labeled with 32P and used in the next round of affinity selection by GSA. The selected populations of DNA were cloned, and individual oligonucleotide inserts were screened by GSA for the ability to bind the recombinant protein. The cloned oligonucleotides which bound proteins were sequenced and aligned to determine a DNA consensus binding site.
Identification of a binding site for MZF1 fingers 1 to 4. The rZN 1-4 protein and the N14 oligonucleotide library were used to enrich for DNA sequences recognized by fingers 1 to 4 in GSA. Each round of affinity selection with the rZN 1-4 protein produced a significant enrichment of sequences in the heterogeneous oligonucleotide library that bound to the protein (Fig.  4A) . The enrichment was detected by two criteria. First, the formation of DNA-protein complexes after each round of selection required lower concentrations of protein. Second, an increased percentage of the heterogeneous oligonucleotide library was capable of forming a complex with the rZN 1-4 protein. Thus, the selection procedure enriched for DNAbinding sites from the N14 oligonucleotide library for the rZN 1-4 protein.
After three rounds of selection, the affinity-selected oligonucleotides were cloned into pGEM7Zf+, and individual clones were analyzed by GSA (Fig. 4B) . Approximately 60% of the clones contained oligonucleotides which bound to the rZN 1-4 protein. The plasmids that contained DNA-binding sites for the rZN 1-4 protein were sequenced, and the region containing the original 14-base degeneracy was aligned with the GCG Pileup program (13) . The 20 oligonucleotide sequences used in the rZN 1-4 binding site analysis are listed in Fig. 4C . More than 90% of the individual clones contained four contiguous G residues followed by an A and usually preceded by 5'-AGT-3'. The derived DNA consensus binding site for the first MZF1 DNA-binding domain of zinc fingers 1 to 4 is 5'-AGTGGGGA-3'.
Identification of a binding site for MZF1 fingers 5 to 13. The procedure for selecting a DNA-binding site from the oligonucleotide library for the rZN 5-13 protein was done, with two exceptions, in a fashion similar to that used for the rZN 1-4 protein. First, in order to accommodate a longer contiguous set of nine fingers, an oligonucleotide library with a degeneracy of 20 nucleotides was used with the rZN 5-13 protein. Second, five successive rounds of GSA and PCR amplification were performed before the oligonucleotide population was cloned. Again, each successive round of GSA selection and PCR amplification enriched the N20 oligonucleotide library for DNA sequences that bind to the rZN 5-13 protein (Fig. 5A) . As was seen with the selection of a binding site for the rZN 1-4 protein, enrichment of DNA sequences recognized by the rZN 5-13 protein is detected by the formation of DNA-protein complexes at lower protein concentrations and by an increased percentage of the oligonucleotide library forming a DNAprotein complex in GSA.
After five consecutive rounds of GSA selection, the oligonucleotides were cloned into pGEM7Zf+. Sixty percent of the individual bacterial colonies contained oligonucleotide sequences that bind to the rZN 5-13 protein in GSA (Fig. 5B) . Alignment of 16 oligonucleotide clones was done with the GCG Pileup program (13) on the basis of the 20 degenerate nucleotides, and the sequences are shown in Fig. 5C . The nine-zinc finger DNA-binding domain recognizes a longer DNA-binding site. A 9-nucleotide core sequence, 5'-GAG GGGGAA-3', that contains specific nucleotide bases that occur more than 60% of the time is present. This core DNA sequence is preceded by three nucleotides (5'-CGGn-3') which are present in 40 to 50% of the oligonucleotides analyzed, suggesting that these positions are also contributing to DNA binding. Thus, the derived DNA consensus binding site for the second MZF1 DNA-binding domain of zinc fingers 5 to 13 is 5'-CGGNGAGGGGGAA-3'. (Fig. 7) and used as probes in DNA binding assays. As expected, each of the rZN 1-4 and rZN 5-13 proteins bound to the oligonucleotide containing its derived DNA consensus binding site in both GSA (Fig. 7) and Southwestern blots (Fig.  8) . The apparent equilibrium binding constants of rZN 1-4 and rZN 5-13 proteins for their respective binding-site oligonucleotides are 10 and 50 ,uM (data not shown). Binding to the oligonucleotide is specific and can be inhibited in GSA with an excess of unlabeled homologous oligonucleotide (containing the binding site) but not by an excess of a heterologous oligonucleotide (Fig. 9) .
The similar DNA consensus sequences isolated by the two MZF1 DNA-binding domains and the coenrichment of DNAbinding sites for the rZN 1-4 and rZN 5-13 proteins from two separate oligonucleotide libraries suggest that the two domains recognize the same core DNA sequence. Indeed, both the rZN 1-4 and the rZN 5-13 proteins can also bind to the oligonucleotide that contains the DNA consensus binding site derived for the other DNA-binding domain (Fig. 7) . Thus, MZF1 contains 13 zinc fingers arranged in two separate DNA-binding domains which recognize similar core DNA sequences.
The Southwestern blot demonstrated that the intact form of the rZN 5-13 protein is the active DNA-binding protein. To determine whether only a subset of the nine zinc fingers in the second MZF1 DNA-binding domain was sufficient for binding, additional recombinant MZF1 proteins that expressed subsets of fingers 5 to 13 (Fig. 2) were produced. The recombinant proteins containing zinc finger domain 5-8, 8-13, 8-10, or 11-13 were produced ( Fig. 2A) and purified to greater than 95% homogeneity (Fig. 2B) . Each recombinant zinc finger protein was tested for DNA binding with each synthetic oligonucleotide containing the derived binding site for either fingers 1 to 4 or fingers 5 to 13. None of the recombinant proteins expressing subsets of the zinc fingers from the second DNAbinding domain (fingers 5 to 13) recognized either of the two synthetic oligonucleotides in GSA (Fig. 7) . The truncated proteins also did not bind to the individual DNA clones (Fig.  4B and 5B) that were isolated during the selection of the DNA-binding sites for the rZN 1-4 and rZN 5-13 proteins (data not shown). In addition, the rZN 8-13 protein was used in combination with the N20 oligonucleotide library to select a DNA-binding site. While the rZN 8-13 protein was able to On the basis of our current understanding of zinc finger recognition of DNA, it was unexpected that fingers 5 to 13 would recognize a G-rich DNA sequence. Unlike fingers 1 to 4, the amino acids in the recognition helices of fingers 5 to 13 that are likely to contact DNA are mostly glutamine, an amino acid predicted to recognize an A-rich DNA sequence (11, 18) . There are several possible interpretations to these findings. One is that zinc finger domains expressed in the context of multiple zinc fingers (i.e., more than 3 or 4) may no longer interact with the DNA as totally independent domains but may act cooperatively with the other zinc fingers to influence DNA recognition. Indeed, the inability of subdomains of zinc fingers 5 to 13 to bind to synthetic oligonucleotides containing the DNA consensus binding site for either zinc fingers 1 to 4 or zinc fingers 5 to 13 ( Fig. 7) is preliminary evidence that suggests that all nine zinc fingers of the second MZF1 DNAbinding domain may be necessary for recognition of the core DNA consensus sequence. A second interpretation for the isolation of a G-rich binding site for the second MZF1 [3] , and MBPII [28] 
